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Background: Particulate air pollution (PM10) consists of a mixture of components, including nanoparticles and metals. Studies from our laboratory
have demonstrated that transition metals can potentiate the ability of nanoparticles to induce lung inflammation and that the zinc content of PM10
was largely responsible for their potential to induce inflammation. These results are also relevant to zinc-containing engineered nanoparticles.
Objectives: To investigate the potential of ZnCl2 and FeCl3 to interact with nanoparticle carbon black in cell-free and biological systems to
generate ROS, express pro-inflammatory mediators and cytotoxic ability.
Methods: ROS production was examined using DCFH-DA. J774 cells were treated for 4 h with 14 nm CB and/or ZnCl2 before measuring TNF-α
by ELISA. Cytoskeletal changes were investigated using confocal microscopy. Flow cytometry was used to examine apoptotic/necrotic cells and
phagocytic ability.
Results: In a cell-free system the particles generated significant ROS, whereas ZnCl2 did not. Treatment of cells with 100 μM ZnCl2, but not
FeCl3, increased TNF-α. Treatment with 14 nm CB alone induced TNF-α, which was synergistically enhanced by ZnCl2. No interactions were
observed in cells treated with 14 nm CB and FeCl3. Cytoskeletal changes were observed with increasing concentrations of ZnCl2. These results
were confirmed by flow cytometry indicating that ZnCl2 induced markers of apoptosis and necrosis. The phagocytic ability of cells was also
significantly decreased. Nanoparticle carbon black alone did not induce changes in apoptosis/necrosis or the phagocytosis activity of the cells.
Conclusion: Despite an inability to induce ROS production, ZnCl2 stimulated TNF-α production which was synergistically enhanced by 14 nm
carbon black. The ability of zinc to induce morphological changes and cell death was not altered by nanoparticle treatment.
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2′,7′-dichlorofluorescin-diacetate; DEFRA, Department for Environment, Food and Rural Affairs; DIC, differential interference contrast; DNA, deoxyribonucleic
acid; ELISA, enzyme-linked immunosorbant assay; FBS, foetal bovine serum; GSH, glutathione; HBSS, Hank's Balanced Salt Solution; HEPES, 4-(2-hydroxyethyl)
piperazine-1-ethanesulphonic acid; HRP, horseradish peroxidase; IL-1, interleukin 1; IL-8, interleukin 8; PBS, phosphate buffered saline; PI, propidium iodide; PM2.5,
the mass of particulate air pollution collected by a convention that has a 50% efficiency for particles with an aerodynamic diameter of 2.5 μm; PM10, the mass of
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Table 1
The experiments carried out using J774 cells to investigate particle and metal
effects on TNF-α production, changes to the cytoskeleton and inhibition of
phagocytosis
Particle concentration Metal salt concentration Endpoint
measured
31 μg/ml 14 nm CB 0.01, 0.1, 1, 10 and 100 μM




31 μg/ml 14 nm CB 20, 40, 60, 80 and 100 μM of
either FeCl3 or ZnCl2
TNF-α
31 μg/ml 14 nm CB 10, 20 and 50 μM of ZnCl2 Phagocytic
ability
1.9, 3.9, 7.8, 15.5 and
31 μg/ml 14 nm CB
20 μM ZnCl2 TNF-α
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Exposure to respirable particulate air pollution, PM10 or
PM2.5 (particulate air pollution collected by a sampling
convention which has a 50% efficiency for particles with an
aerodynamic diameter of 10 and 2.5 μm respectively) has been
widely documented to induce adverse health effects. However,
samples of PM10 and PM2.5 cannot be regarded as a single entity
and composition varies according to emission sources, season
and geographical location. Two components of PM which have
been implicated in driving inflammatory effects are metals
(including transition metals) and nanoparticles (also known as
ultrafine particles). We have previously demonstrated potentia-
tive interactions between FeCl3 and 14 nm carbon black in
terms of cell-free reactive oxygen species (ROS) production and
the generation of inflammation in the rat lung (14 nm CB;
Wilson et al., 2002). Following the results of a DEFRA funded
study from our laboratory (Lightbody et al., 2003), the focus of
our work has concentrated on interactions between nanoparti-
cles and zinc. The study examined six UK PM10 samples
collected over a year to determine which components were best
associated with biological effects. Each 24 hour PM10 sample
was extracted into saline and instilled via the trachea into the rat
lung. Eighteen hour post-instillation, a bronchoalveolar lavage
(BAL) was performed. There was a large variation in the ability
of different PM10 samples to induce inflammation. Analysis of
data revealed that mass was the most important factor in
determining PM10 potency, but not all of the inflammogenic
potential could be explained by mass alone. Further analysis
revealed that zinc (followed by nickel and primary particles)
was an important factor in biological reactivity of PM10.
Many manufactured nanomaterials contain zinc within their
chemical makeup such as zinc oxide paints, cosmetics and
suntan lotions (He, 2005; Ishihara et al., 2005). The zinc content
of welding fumes is implicated in the induction of ‘metal fume
fever’ (Kuschner et al., 1997) which can lead to increased levels
of pro-inflammatory cytokines such as tumor necrosis factor
alpha (TNF-α) and interleukins one and eight (IL-1 and IL-8;
Blanc et al., 1993).
The aims of this study were to investigate the potential of
soluble zinc salts (zinc chloride; ZnCl2) and 14 nm CB to interact
in cell-free and biological systems and hence explain some of the
biological reactivity observed for PM10, welding fumes and
hypothesising interactions between biological systems and zinc in
future nanoparticulate technology. Iron (iron chloride; FeCl3) was
examined for comparison, again due to its prevalence in PM10 and
in engineered nanoparticles. The murine macrophage cell line,
J774, was used in all experiments. The reactive oxygen species
(ROS) production of ZnCl2 and/or 14 nm CB was assessed using
the probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA; Bass
et al., 1983) both in a cell-free system and in cells. Production of
the pro-inflammatory cytokine, TNF-α, was examined following
treatments of the J774 macrophages with either ZnCl2 or FeCl3
with and without 14 nm CB. Cytoskeletal changes were deter-
mined by confocal microscopy. Finally, flow cytometric studies
were carried out to investigate phagocytic ability and to inves-
tigate apoptosis and necrosis.Materials and methods
All materials were obtained from Sigma, UK unless otherwise stated.
Particles
The nanoparticulate carbon black used in this study is also known as ultrafine
carbon black or “Printex 90” and was purchased from Degussa, Germany. The
primary particles are approximately 14 nm in diameter with a surface area of
253.9 m2/g and are described previously by Li et al. (1999) and Stone et al.
(1998).
Metals
Two metal salts were used in this study: FeCl3 and ZnCl2. Concentrations
were chosen that replicated those that may be found in the atmospheric
environment as detailed in the Discussion section.
J774 cell culture
The J774 cells were cultured in RPMI 1640 medium containing 10% heat-
inactivated foetal bovine serum (FBS), 1% L-glutamine, 0.06 U/ml penicillin and
30 mg/ml streptomycin (‘J774 medium’, all obtained from Life Technologies,
UK) at 37 °C with an atmosphere of 5% CO2. Cells were cultured until confluent
and then removed from the flasks using cell scrapers.
Measurement of tumor necrosis factor alpha (TNF-α)
Cells were seeded in 24 well plates at 4×105 cells/ml, 1 ml/well and
incubated for 24 h at 37 °C, 5%CO2. The mediumwas removed and cells treated
in serum free J774medium for 4 hwith either 14 nmCB, FeCl3 or ZnCl2 alone, or
co-incubations of particles and metals salts (Table 1). The supernatant was
removed, centrifuged at 20,000×g for 30 min and stored at −80 °C until analysis.
The TNF-α production was quantified using a “Cytoset” sandwich ELISA
system (Biosource, Belgium) according to the manufacturer's guidelines. The
optical density of each sample was determined at a wavelength of 450 nm and a
reference wavelength of 550 nm using a MRX Plate Reader (Dynatech, UK).
Detection of reactive oxygen species
Generation of ROS was determined using the probe DCFH-DA as described
in Wilson et al. (2002). All fluorimetric measurements were performed in a
Perkin Elmer LS50B Fluorimeter and carried out in a quartz cuvette at 37 °C.
Cells and particles were maintained in suspension using a magnetic stirrer. The
excitation wavelength was set at 485 nm and the emission at 530 nm, both with a
slit-width of 10 nm.
Determination of ROS in a cell-free system. DCFH-DA was chemically
hydrolysed with 0.01 N NaOH for 30 min in the dark at room temperature
(Cathcart et al., 1987) and neutralised with 100 μM phosphate buffered saline
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Balanced Salt Solution (HBSS) containing 1% BSA and 0.2 units of horseradish
peroxidase (HRP) to obtain a final concentration of 10 μM DCFH. Suspensions
of particles were prepared in saline solution (3.2 mM of NaCl), mixed by
vortexing and then sonicated for 10 min, before adding to 2 ml of the reaction
mixture. In order to ascertain ROS generation by particles combined with zinc,
14 nm CB was added to 1.6 mM ZnCl2 for 3 h and sonicated for 10 min before
addition to the reaction mixture. The final concentrations of CB and ZnCl2 were
30 μg/ml and 80 μM respectively. The fluorescence generated by the DCFH
oxidation was measured for 500 s and the end point values were used to compare
different results. The 3-hour incubation period prior to ROS measurement was
used to simulate the experimental protocol used to treat the cells with particle
and metals prior to the measurement of ROS, TNF-α or apoptosis. In these
experiments the cells were incubated for 4 h with the particles plus metals; the
3 h plus the time to sonicate and treat with DCFH-DA equates to this incubation
period.
Determination of ROS in J774 cells. Cells were seeded in six well plates
at 4×105 cells/ml, 2 ml/well and incubated for 24 h at 37 °C, 5% CO2. Medium
was removed and cells treated with either 14 nm CB or co-incubations of 14 nm
CB with ZnCl2 in serum free J774 medium for 4 h. All particle and metal salt
mixtures were sonicated for 10 min in the serum free medium immediately prior
to addition to the cells. The cells were washed with J774 medium then scraped
from the well and resuspended in 2 ml of serum free J774 medium. Cell
suspensions were centrifuged (900×g for 2 min) and resuspended in serum free
J774 medium before addition of DCFH-DA (10 μM) for 10 min in a 37 °C
shaking water bath. The cells were centrifuged as before and resuspended in
2 ml of J774 medium before transferring to a quartz cuvette and the fluorimetric
measurements determined for a period of 500 s.
Detecting changes in cytoskeletal motor proteins using laser scanning
confocal microscopy
Sterile 10 mm glass coverslips were placed in the bottom of each well of a 24
well plate and 1 ml of 1.3×105 cells/ml added to each well. The cells were
incubated for 24 h at 37 °C, 5% CO2. Medium was removed and the cells treated
with either 14 nm CB or co-incubations of 14 nm CB with either FeCl3 or ZnCl2
in serum free medium for 4 h (Table 1).
Mediumwas removed from the wells and cells washed three times with 1ml of
PBS. Cells were fixed using 3% formaldehyde in PBS for 30 min. The cells were
washed with PBS before permeabilisation with 0.1% triton X-100 in PBS for
20 min. Following washing with PBS, monoclonal anti-α tubulin (mouse ascitesFig. 1. Effect of the addition of 31 μg/ml of 14 nm carbon black (14 nm CB) and/
macrophage cell line for a duration of 500 s. Results are expressed as mean fluore
intensity induced by 14 nm CB alone versus control.fluid clone DM 1A) was added to the cells at a dilution of 1/200 for 1 h. Cells were
PBS washed before addition of 1/100 Alexa Fluor 488 goat anti-mouse IgG
(Molecular Probes, UK) for 1 h. Following PBSwashing, a 1/400 dilution ofAlexa
Fluor 633 phalloidin (Molecular Probes, UK) was added for 1 h. The nuclei were
stained using 20 μg/ml of Hoechst stain solution for a few seconds. Following a
final wash in PBS the coverslips were inverted andmounted onto glass slides using
Mowiol (Calbiochem, UK)/glycerol/PBS solution.
Cells were examined using a Zeiss LSM 510 META laser scanning confocal
microscope (Zeiss, Germany). Themicroscopewas equippedwith an argon laser set
at 6.1 A (200 mW, Lasertechnik, Germany) and two helium neon lasers (5 mWand
15mW, Lasertechnik, Germany). Cells were examined using the 40× PlanNeofluar
1.3 oil DIC and 63× PlanApochromat 1.4 oil DIC objectives. All image acquisition,
processing and analysis were performed using the LSM 510 META software.
Induction of apoptosis and necrosis as determined by flow cytometry
Cells were seeded in 6 well plates at 2×106 cells/ml, 2 ml/well and incubated
for 24 h at 37 °C, 5% CO2. Medium was removed and cells treated with either
31 μg/ml of 14 nm CB or co-incubations of 14 nm CB with 20 or 80 μM ZnCl2
in serum free medium for 4 h.
An ‘Annexin-V-FLUOS Staining Kit’ (Roche, UK) was used to determine
apoptosis or necrosis. Cells were washed with PBS then scraped into 1 ml of
PBS and centrifuged at 200×g for 5 min. After removal of the supernatant,
1×106 cells were resuspended in 100 μl of annexin-V-FLUOS labelling solution
(containing annexin-V-fluorescein (AV), propidium iodide (PI) and HEPES
buffer). Following an incubation period of 15 min at room temperature, the cells
were analysed using flow cytometry.
Flow cytometric analysis was conducted using a FACSCalibur flow
cytometer (BD Biosciences, USA). An electronic gate was placed around the
macrophage population in the scatter plot and a minimum of 10,000 events were
acquired for analysis. Light scatter signals were collected in linear mode and
fluorescence signals collected in logarithmic mode.
Inhibition of phagocytosis as determined by flow cytometry
Cells were seeded in 24 well plates at 2×105 cells/ml, 1 ml/well and
incubated for 24 h at 37 °C, 5%CO2. The mediumwas removed and cells treated
with either 14 nm CB or co-incubations of 14 nm CB with ZnCl2 in serum free
medium for 4 h (Table 1).
A ‘Vybrant’ phagocytosis assay kit (Molecular Probes, UK) was used to
determine phagocytic ability. The bioparticle suspension of fluorescein labelledor 20 or 80 μM ZnCl2 on the oxidation of DCFH to DCF in the J774 murine
scence intensity (±SEM; n=3). *pb0.05 comparing the increase in fluorescent
Fig. 3. The tumour necrosis factor alpha (TNF-α) production of J774 cells
following a 4 hour incubation with a concentration-range of metal salts from
10 nM to 100 μM with or without 31 μg/ml 14 nm carbon black (14 nm CB;
n=3). (A) Cells were treated with ferric chloride (FeCl3) with or without 14 nm
CB. (B) Cells were treated with zinc chloride (ZnCl2) with or without 14 nm CB.
*pb0.05 comparing the TNF-α production of J774 cells following exposure to
both 100 μM ZnCl2 and 14 nm CB verus control.
83M.R. Wilson et al. / Toxicology and Applied Pharmacology 225 (2007) 80–89Escherichia coli (K-12 strain) was prepared by suspending the desiccated E. coli
particles in 500 μl of 10× HBSS (Molecular Probes, UK) with 4.5 ml of distilled
water followed by sonication for 5 min.
Following particle/metal treatment, the medium was removed from the
cells and replaced with 250 μl of bioparticle suspension (or HBSS as a
control). The cells were incubated for 2 h at 37 °C, 5% CO2, after which the
bioparticle suspension or HBSS was removed and replaced with 200 μl of
trypan blue solution in order to quench extracellular fluorescence (Molecular
Probes, UK). The cells were incubated for 1 min at room temperature and
excess trypan blue removed from the wells. Cells were scraped from the wells
and resuspended in 500 μl of HBSS before analysis using single colour flow
cytometry as above.
Statistical analysis
The results from the intracellular and cell-free ROS production experiments,
10 nM to 100 μMmetal salt TNF-α ELISA's and the phagocytic ability of J774
cells were all analysed by t-tests.
Mixed effect models were fitted to the data from the 20 to 100 μMmetal salt
and the 1.9 to 31 μg/ml particle ELISA's with the replicate experiments included
in the model as a random effect. There was evidence of increasing variability
with higher means and all analyses were carried out using the log trans-
formation, log10 (TNF-α+1). Parameters of the models were estimated using the
REML directive in Genstat 7th Edition.
All results are presented as the mean±SE calculated from the raw data. The
summary statistics were calculated from a minimum of three experiments.
Results
ROS production by J774 cells following exposure to both zinc
and nanoparticles
Cells treated for 4 h with 14 nm CB alone exhibited a
significantly greater fluorescence compared to untreated
control cells (Fig. 1; 46.6±5.7 fluorescence units; pb0.05).
Treatment with 20 or 80 μM ZnCl2 did not induce significant
increases in fluorescence. Co-treatment with ZnCl2 and 14 nm
CB appeared to increase ROS production but this was not
statistically significant compared to the control (20 μM ZnCl2Fig. 2. Effect of the addition of 30 μg/ml of 14 nm carbon black (14 nm CB)
and/or 80 μM ZnCl2 on the oxidation of DCFH to DCF in a cell-free system
for a duration of 500 s. Results are expressed as mean fluorescence intensity
minus corresponding control traces (***pb0.001 comparing the increase in
fluorescent intensity induced by 14 nm CB alone and 14 nm CB plus ZnCl2
versus control).plus 14 nm CB 39.9±6.2 fluorescence units; 80 μM ZnCl2
plus 14 nm CB 42.3±5.4). Variation in the data explains the
lack of significance of 14 nm CB plus ZnCl2 compared to the
control.
Nanoparticle ROS production in a cell-free system
Nanoparticle CB generated a significant increase in ROS in
the presence of HRP (Fig. 2), however, ZnCl2 did not induce
DCFH oxidation. Incubation of 14 nm CB in the presence of
ZnCl2 did not lead to further generation of ROS compared to
14 nm CB alone.
TNF-α production of J774 cells following exposure to 14 nm
CB with or without ZnCl2 or FeCl3
Nanoparticles with a concentration range of metals from nano
to micromolar
There was a small increase in TNF-α production by the
J774 cells treated for 4 h with 14 nm CB alone, but this was
not statistically significant (Fig. 3A; Control 10.4±8 pg/ml;
31 μg/ml 14 nm CB 72.8±28.4 pg/ml). Following treatment
Fig. 4. The tumour necrosis factor alpha (TNF-α) production of J774 cells
following a 4 hour incubation with a concentration-range of metal salts from 0
to 100 μM with or without 31 μg/ml 14 nm carbon black (14 nm CB; n=3).
(A) Cells were treated with ferric chloride (FeCl3) with or without 14 nm CB.
***pb0.001 compared to medium only control. (B) Cells were treated with
zinc chloride (ZnCl2) with or without 14 nm CB. *pb0.05, **pb0.01 and
***pb0.001 compared to medium only control. $ synergistic interaction
between 20 or 40 μM ZnCl2 and 14 nm CB.
Fig. 5. The tumour necrosis factor alpha (TNF-α) production of J774 cells
following a 4 hour incubation with a concentration-range of 14 nm carbon black
(14 nm CB with or without 20 μM zinc chloride (ZnCl2; n=3). *pb0.05,
**pb0.01 and ***pb0.001 compared to medium only controls. $ synergistic
interactions between concentrations of 14 nm CB and ZnCl2.
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production (Fig. 3A).
The TNF-α production of cells exposed to concentrations of
ZnCl2 up to 10 μM was not significantly different from control
(Fig. 3B). Following treatment with 100 μM ZnCl2, there was a
40-fold, but not significant, increase in TNF-α protein
production (Fig. 3B; Control, 10.4±8.0 pg/ml; 100 μM ZnCl2
treatment, 406.5±200.8 pg/ml). Co-treatment with 14 nm CB
and 100 μM ZnCl2 induced a significant increase in TNF-α
(Fig. 3B; 14 nm CB plus 100 μM ZnCl2 treatment, 556.8±
182.2 pg/ml; pb0.05).
Nanoparticles with a concentration range of metals from 20 to
100 μM
Cells treated with 10 to 100 μM FeCl3 produced minimal
amounts of TNF-α protein (Fig. 4A). Treatment with 31 μg/ml of
14 nm CB induced a significant increase in TNF-α production
(Fig. 4A; Control, 10.4±6.7 pg/ml; 31 μg/ml 14 nm CB, 158.9±
14.5 pg/ml; pb0.001). This is different to the results in Fig. 3A
and is caused by variations between cells over time and by the fact
that we used a relatively low concentration of particles that were
on the borderline of effect in order to investigate interactions with
metals. Co-treatments with both 14 nm CB and between 20 and100 μM FeCl3 did not induce increased TNF-α protein
production compared to 14 nm CB alone.
In contrast, 20 to 100 μM ZnCl2 alone induced a significant
increase in TNF-α production following a four-hour exposure
(Fig. 4B; 20 and 40 μMZnCl2 pb0.05; 60 μMZnCl2 pb0.01; 80
and 100 μM ZnCl2 pb0.001). Addition of 14 nm CB to ZnCl2
also significantly enhanced production of TNF-α (Fig. 4B). At 20
and 40 μM ZnCl2, addition of 14 nm CB induced a synergistic
increase in TNF-α (Fig. 4B; 20 μM ZnCl2 75.1±16.5 pg/ml;
20 μM ZnCl2 plus 31 μg/ml 14 nm CB 1129.4±209 pg/ml).
Statistical analysis predicted a TNF-α value of 218±60 pg/ml if
both 14 nm CB and 20 μM ZnCl2 were acting independently,
whereas the actual value was 1129.4±209 pg/ml.
Treatment of cells with 20 μM ZnCl2 and variable
concentrations of 14 nm CB
Cells treated with concentrations ranging from 1.9 to 31 μg/ml
of 14 nm CB produced significant amounts of TNF-α protein at
particle concentrations of 15.5 and 31μg/ml compared to controls
(Fig. 5; 15.5 μg/ml 183.2±8.1 pg/ml pb0.001; 31 μg/ml 294.4±
88.6 pg/ml pb0.05).
Addition of 20 μM ZnCl2 significantly and synergistically
increased the TNF-α production compared to nanoparticle
treatment only (Fig. 5; 15.5 μg/ml 14 nm CB plus 20 μM ZnCl2
865.2±112.1 pg/ml; 31 μg/ml 14 nm CB plus 20 μM ZnCl2
1042.5±67.1 pg/ml).
Changes in the macrophage cytoskeleton induced by metal and
nanoparticle treatments
Using laser scanning confocal microscopy, control macro-
phages appeared to have large round nuclei surrounded by tubulin
and with F-actin around the cell periphery (Figs. 6A and 7A).
Most control cells exhibited an elongated structure. Treatment
with 31 μg/ml of 14 nmCB for 4 h changed the uniform nature of
the cells, resulting in large black vacuoles (Figs. 6B and C). In
some cells, focal regions of tubulin were observed (Fig. 6B).
Fig. 6. Laser scanning confocal microscopy images of J774 cells following a
4 hour incubation with a concentration-range of iron chloride (FeCl3) with or
without 31 μg/ml 14 nm carbon black (14 nm CB). (A) Control X63; (B) 14 nm
CB X40; (C) 14 nm CB X63; (D) 100 μM FeCl3 X40; (E) 40 μMFeCl3 + 14 nm
CB X63; (F) 100 μM FeCl3 + 14 nm CB X63.
Fig. 7. Laser scanning confocal microscopy images of J774 cells following a
4 hour incubation with a concentration-range of zinc chloride (ZnCl2) with
or without 31 μg/ml 14 nm carbon black (14 nm CB). (A) Control X40; (B)
40 μM ZnCl2 X63; (C) 60 μM ZnCl2 X63; (D) 80 μM ZnCl2 X63; (E) 80
μM ZnCl2 + 14 nm CB X63; (F) 100 μM ZnCl2 X40.
Fig. 8. The expression of annexin-V (AV) or annexin-V/propidium iodide
(AV/PI) on the surface of J774 cells exposed to 31 μg/ml of 14 nm CB and/or 20
or 80 μM ZnCl2 for four hours. Results are expressed as a percentage of
untreated cells. The cells were analysed using two colour flow cytommetry and a
minimum of 10,000 events were collected for each treatment for analysis which
was repeated twice. ***pb0.001 comparing the increase in AV/PI expression
induced by 20 μM ZnCl2 alone versus control.
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nanoparticle treatments (Fig. 6C).
Low concentrations of iron did not produce changes in
cell shape, however, treatment with 100 μM FeCl3 resulted in
the formation of large vacuoles within many cells although
the nuclei of such cells remained large (Fig. 6D). Co-
treatments of cells with low concentrations of FeCl3 and
14 nm CB did not induce changes in cell structure compared
to nanoparticles alone (Fig. 6E). Nonetheless, cells treated
with 100 μM FeCl3 and 14 nm CB resulted in a number
of cells which had an intense focal region of tubulin and
nuclear shrinkage as well as increased F-actin staining intensity
(Fig. 6F).
In contrast to FeCl3 treatments, the lower concentrations of
ZnCl2 resulted in a cellular shape change (Fig. 7). Treatments as
low as 40 μM ZnCl2 caused nuclear condensation and an
increase in tubulin staining intensity (Fig. 7B). In some cells
treated with ZnCl2, the F-actin was re-arranged to form wave-
like structures around the cells (Figs. 7C and D). Co-treatment
with ZnCl2 and 14 nm CB induced an increase in the intensity of
Fig. 9. The uptake of E. coli biopaticles by J774 cells treated for four hours with a concentration range of zinc chloride (ZnCl2) with or without 31 μg/ml 14 nm carbon
black (14 nm CB; n=3). Results were analysed using single colour flow cytommetry. ***pb0.001 compared to to the negative control (-ve; cells only) and **pb0.01
compared to the positive control (+ve; cells plus E. coli bioparticles only).
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7E). Nuclear condensation, fragmentation and a rounding-up of
cells were observed following exposure to 100 μM ZnCl2
(Fig. 7F).
Induction of apoptosis/necrosis following treatments with zinc
and nanoparticles
Following a four-hour treatment with 31 μg/ml 14 nm CB
there was no increase in either AV or AV/PI positive cells
(Fig. 8). However, treatment with 20 μM ZnCl2 alone induced a
2.4 fold increase in AV/PI positive cells compared to untreated
cells (Fig. 8 pN0.001). Although there was a 2.4 fold increase in
AV/PI positive cells following treatments with 20 μM ZnCl2
and 14 nm CB, this was not significant due to data variation.
Similarly, there was a 4.5 fold increase in AV/PI positive cells
after exposure to 80 μM ZnCl2, although this again was not
significant. Combining treatments of 80 μM ZnCl2 and 14 nm
CB did not increase the percentage of cells which were positive
for either AV or AV/PI compared to cells treated with 80 μM
ZnCl2 only.
Inhibition of phagocytosis following treatments with zinc
and/or nanoparticles
Treatment of J774 cells for 4 h with 31 μg/ml of 14 nm CB
induced an approximate 40% decrease (although not signifi-
cant) in the percentage of cells exhibiting E. coli phagocytosis
(Fig. 9). Treatment with 10 and 20 μM ZnCl2 did not inhibit
phagocytosis, however, 50 μM ZnCl2 caused an inhibition of
phagocytosis similar to that of the nanoparticle treatment
(Fig. 9). Co-treatments of 10 or 20 μM ZnCl2 with 14 nm CBinhibited phagocytosis to the same extent as nanoparticle
treatment alone. Treatment with 50 μM ZnCl2 and 14 nm CB
decreased phagocytosis by 80% compared to the control (Fig.
9; pb0.001).
Discussion
In the present study, metal/particle interactions were
examined using metal salts mainly within the micromolar
range. Although pro-inflammatory cytokine production was
investigated using both FeCl3 and ZnCl2 at concentrations as
low as 10 nM, zinc-induced TNF-α production was not
observed until ZnCl2 concentration reached 20 μM. All other
experiments were therefore carried out using micromolar
concentrations. It may be argued that such concentrations of
zinc are not representative of atmospheric concentrations and,
indeed, in a city with relatively low PM10 and PM2.5
concentrations such as Edinburgh, it has been reported that
zinc concentrations in PM10 and PM2.5 are 13.3 and 7.49 ng/m
3
respectively (Heal et al., 2005). Nevertheless, particulate air
pollution samples will vary depending on source, geographical
location and weather. Adamson et al. (2000) reported that zinc
concentration of an urban air particulate sample from Ontario in
Canada was 10.4 μg/mg. Following furnace refurbishment, zinc
levels of PM10 increased dramatically on reopening of a steel
plant (1.86 ng/μg PM10 compared with 0.26 ng/μg PM10 during
closure) and samples which induced the greatest pulmonary
inflammation contained the highest metal content (Hutchison
et al., 2005). Levels of zinc in oil combustion particles have
been reported as being from 6.35 μg/mg (Kodavanti et al.,
1998) up to 209 μg/ml in a particle-free supernatant (Gavett
et al., 1997). The concentrations of ZnCl2 in the present study
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2.7 μg/ml to 13.6 μg/ml and are within the range of zinc
concentrations used in studies examining oil combustion
particles. In comparison, other studies modelling the effects of
particulate air pollution have used zinc salts with concentra-
tions of up to 1 mM (Castranova et al., 1984), and even as
high as 10 mM (Okeson et al., 2004). It must be emphasised
that the entire lung surface does not receive an equal dose of
air pollution particles, and indeed, bronchial airway bifurca-
tions can receive massive doses of particulate matter in the
region of a few hundred times higher than the average dose of
the whole airway (Balashazy et al., 2003). With regard to
occupational exposure to zinc oxide particles from welding
fumes, the current average threshold limit value is 5 mg/m3
for 8 h. However, inhalation of zinc oxide fumes for 2 h at
this level has been shown to induce fever and symptoms
along with an increase in plasma IL-6 levels (Fine et al.,
1997). Some welding fume studies have used zinc concentra-
tions as high as 33 mg/m3 and found a time and dose
dependent increase in both IL-8 and TNF-α in the BAL from
human subjects (Kuschner et al., 1997).
In the present study, 14 nm CB induced a large increase in
cell-free ROS production, as published in our previous study
(Wilson et al., 2002). A similar observation was made in
macrophages treated for 4 h with 14 nm CB. The ZnCl2 alone
did not produce ROS in the cell-free or intracellular systems.
Co-incubations of cells with ZnCl2 and 14 nm CB slightly
reduced the particle-induced ROS production to a level which
was no longer significantly different from the control cells. Zinc
salts added to particles in the cell-free system had no impact on
the nanoparticulate induced ROS production. Taken together,
these results suggest that zinc toxicity is not able to induce
redox cycling or ROS production in the cell-free system or in
J774 cells. These data are in contrast to the results of
interactions between 14 nm CB and FeCl3, whereby addition
of iron salts to the cell-free system resulted in a potentiation of
particle-induced ROS production (Wilson et al., 2002).
A549 cells treated with PM2.5 have been shown to induce a
slight, but significant, increase in ROS production as detected by
DCFH (Calcabrini et al., 2004). McNeilly et al. (2004) reported
that welding fume particles, containing a high proportion with a
diameter of less than 100 nm, can induce ROS production in
A549 cells as detected by DCFH. Although ZnCl2 has been
reported to induce intracellular ROS production, the reported
time points were up to 4 h and concentrations of ZnCl2 used were
very high compared to the present study (200 μM; Ryu et al.,
2002). Zinc chloride can also inhibit DCF fluorescence in HL-60
cells stimulated with phorbol esters (PMA; Laggner et al., 2006)
however, at concentrations higher than 50 μM ZnCl2 induced
significant losses in cell viability.
Treatment of J774 cells with nanomolar concentrations of
either FeCl3 or ZnCl2 did not induce production of TNF-α.
Upon addition of 14 nm CB, the levels of TNF-α were slightly
increased, but this was due to the nanoparticles alone and was
not due to interactions with metal salt. With 100 μM zinc
chloride a significant increase in TNF-α production was
observed in the presence of nanoparticles. Further investiga-tions using concentrations of 20–100 μM FeCl3 added to the
macrophages induced very little TNF-α protein production.
Upon addition of nanoparticles to the cells, a significant amount
of TNF-α was produced, but again this was not altered by the
iron salt at any concentration tested. In contrast, 20–100 μM
ZnCl2 stimulated the cells to produce significant levels of
TNF-α which was synergistically enhanced by 14 nm CB.
The greatest synergistic interaction was observed between
nanoparticles and 20 μM ZnCl2. This was further investigated
using 20 μM ZnCl2 with varied concentrations of 14 nm CB.
At concentrations of 15 μg/ml and above, the nanoparticles
induced a significant production of TNF-α. Again, addition of
ZnCl2 synergistically enhanced the ability of the nanoparticles
to induce TNF-α at all nanoparticle concentrations tested.
Previous studies have demonstrated time and dose dependent
increases in TNF-α in human BAL following exposure to zinc
oxide welding fumes for 3 h (Blanc et al., 1993; Kuschner et al.,
1997). Human blood mononuclear cells produced TNF-α after
exposure to 50 and 100 μM zinc sulphate for 24 h (Well-
inghausen et al., 1996). In an earlier study of the same cells, zinc
sulphate induced cytokine production including TNF-α, but at
very high concentrations of 500 μM and a time point of 16 h
(Driessen et al., 1994). Using ZnCl2 concentrations and time
points similar to the present study, Szuster-Ciesielska et al.
(2000) treated bovine endothelial cells with 100 pM to 100 mM
zinc for 4 and 24 h. Zinc chloride at 1, 10 and 100 μM was
found to induce TNF-α production in the endothelial cells, but
concentrations higher than 100 μM were toxic. In accordance
with our study, concentrations lower than the micromolar range
did not have any effect on the cells.
Following macrophage treatments with low concentrations
of FeCl3 (up to 80 μM), we did not observe changes in cell
structure. At 100 μM FeCl3, cellular vacuoles were observed
which may be due to iron uptake and sequestration within the
macrophages. Receptor-mediated endocytosis is an essential
step in the iron uptake from transferrin in mammalian cells
(Richardson and Ponka, 1997) and it is therefore possible that
FeCl3 increased endocytic uptake of medium components.
Treatment of J774 cells with 14 nm CB resulted in cells
spreading out and some with focal regions of tubulin. Zinc
treatment of macrophages induced nuclear condensation in
almost all cells along with an increase in tubulin, especially with
the lower concentrations of ZnCl2. Cells treated with ZnCl2 at
40 μM and above also exhibited changes to F-actin resulting in
undulating and wave-like structures.
Moller et al. (2002) reported that J774 cells treated with
14 nm CB exhibited cytoskeletal dysfunction and decreased
phagocytic ability. Using A549 epithelial cells, Calcabrini et
al. (2004) observed cell retraction, rounding and disruption of
actin and tubulin following treatments with 60 μg/cm2 of
PM2.5. The mechanism by which particles interfere with the
cytoskeleton remains to be identified, however, hard metal
particles (tungsten carbide and cobalt; diameter b5 μm) can
aggregate amongst F-actin filaments of rat epithelial cells
(Antonini et al., 2000).
Zinc has been shown to bind to tubulin (Hesketh, 1982, 1983).
Treatment of an intestinal cell line with either FeSO4 or CuCl2
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et al., 2002). The effect of CuCl2 on the cytoskeleton is via a non-
oxidative method as neither Trolox, mannitol nor dimethylsulph-
oxide (DMSO) had any effect in reducing F-actin disruption
(Ferruza et al., 1999). Similarly, our results using ZnCl2 did not
induce ROS, but did result in cytoskeletal changes.
Treatment of J774 cells with 14 nm CB did not induce
apoptosis or necrosis at the concentrations and time points
tested and this result reaffirmed our previous studies whereby
31 μg/ml of nanoparticles have been shown to be sub-toxic. A
significant increase in necrotic cells was detected following
treatment with 20 μM ZnCl2. Co-treatments with ZnCl2 and
14 nm CB did not further increase the number of necrotic or
apoptotic cells.
Catelas et al. (1999) reported induction of apoptosis
following treatment of J774 cells with either ceramic or
polyethylene particles and that chromium and cobalt salts can
induce apoptosis and necrosis in these cells (Huk et al., 2004).
Pang and Chau (1999) reported that treatment of J774 cells with
up to 100 μM ferric ammonium citrate did not have any effect
on inducing apoptosis. These results are in accordance with our
previous study (Wilson et al., 2002) whereby treatment of
macrophages with up to 250 μM iron salts did not have a
detrimental effect on cell viability and also with the present
study whereby treatments of up to 100 μM FeCl3 did not induce
production of TNF-α in J774 cells.
A number of studies have reported that zinc induces both
apoptosis and necrosis. In a study exposing carcinoma cells to
200 or 500 μM zinc, Iguchi et al. (1998) reported a loss of cell
viability and necrosis after 4 to 8 h. A later study examining
carcinoma cells concluded that high concentrations of ZnCl2
induced rapid necrotic cell death whereas concentrations lower
than 150 μM induced both apoptosis and necrosis in a time-
dependent manner (Iitaka et al., 2001). Zinc-induced apoptotic
cell death appears to be an earlier event than necrosis
(Hamatake et al., 2000) however, the earliest time points in
these studies were around 4 to 8 h. In comparison we used lower
concentrations of ZnCl2 and earlier time points. Concentrations
were chosen to ensure that any interactions with nanoparticles
were not ‘masked’ by the effects of zinc alone and also to mimic
those found in environmental and industrial applications.
Co-incubation of 14 nm CB with ZnCl2 resulted in an
inhibition of phagocytic ability, however, this appeared to be an
additive effect at the concentrations and timepoints we examined.
These results suggest that if any interaction was taking place
between zinc and nanoparticles, it was not enhancing further
reductions in phagocytosis.
Chvapil and Owen (1977) and Chvapil et al. (1977) reported
that macrophages showed decreased phagocytic potential and
oxygen uptake when exposed to zinc salts. Zinc oxide inhalation
studies have shown increases in BAL TNF-α and IL-
8 concentrations together with impairment of the phagocytic
function of alveolar macrophages (Kuschner et al., 1997; Gordon
et al., 1992). The mechanisms by which metal ions inhibit
phagocytosis are not clear, although blockage of cell membrane
receptors and change in membrane fluidity may play important
roles.In conclusion, we have demonstrated that ZnCl2 and 14 nm
CB can synergistically interact to stimulate J774 macrophages
to produce TNF-α. Zinc chloride induced changes in cellular
morphology at lower concentrations than FeCl3, and treatment
with 14 nm CB caused spreading into a morphology indicative
of activation. In accordance with changes to the cytoskeleton,
ZnCl2 also inhibited phagocytosis. However, the effects of the
particles and ZnCl2 on phagocytosis were additive rather than
synergistic. Although 14 nm CB particles produced ROS in
both the cell-free and intracellular systems, ZnCl2 had no such
effect and partially decreased the ROS production of the
nanoparticles. Zinc may be interacting with cells by binding to
the cytoskeleton and inhibiting phagocytosis without a
consequent ROS production. Other studies have reported zinc
induced toxicity and cell death without ROS production
(Sheline et al., 2000). At low concentrations, zinc is known to
be an effective anti-oxidant either through the mechanism of
‘pushing’ redox active metals such as iron and copper from their
binding sites, binding to SH groups and preventing their
oxidation, or by being an integral part of Cu/Zn SOD (Galaris
and Evangelou, 2002; Prasad et al., 2004). However, results
from the present study, and from other researchers, suggest that
at concentrations of between 50 and 100 μM in in vitro systems,
zinc induces a pro-inflammatory response, changes in mor-
phology and inhibition of normal cellular function. In the
presence of nanoparticles, this toxicity is enhanced.
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